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Vesicular-arbuscular mycorrhiza and soil fertility influence mineral concentrations in 
seedlings of eight hardwood species 
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SCHULTZ, R. C., and P. P. KORMANlK. 1982. Yesicular-arbuscular mycorrhiza and soil fertility influence mineral concen-
trations in seedlings of eight hardwood species. Can. J. For. Res. 12: 829-834. 
Eight hardwood species were grown under two sets of fertilizer and vesicular-arbuscular mycorrhizae (YAM) treatments. 
In the first study three treatments of 140, 560, and 1120 kg/ha of 10-10-10 (% N, P20 5 , and K20, respectively) fertilizer 
were added to fumigated soil with or without a mixture of Glomus mosseae Nicol. and Gerd. and Glomus etunicatus Becker 
and Gerd. (GM). In the second study, seedlings were grown with YAM treatments of (i) the same Glomus (GM) mixture as 
in study 1, (ii) Glomus fasiculatus (Thaxter) Gerd. and Trappe (GF), or (iii) mixed cultures of several Glomus and Gigaspora 
species (GG). A fertilizer treatment of 280 kg/ha of 10-10-10 was added to all seedlings. All treatments, in both studies, 
also received 10 equal applications of NH.NOJ, totaling 1680 kg/ha, during the growing season. No single nutrient was 
consistently higher in nonmycorrhizal or YAM seedlings in either study and no symbiont produced consistently high concen-
trations of all nutrients in all species. Uninoculated seedlings frequently had higher N, K, Ca. and Mg concentrations than YAM 
seedlings. Inoculated seedlings generally had higher total P concentrations than uninoculated seedlings. For uninoculated 
seedlings of five of the species, P concentrations increased with higher fertility levels. Seedlings inoculated with GM and GG 
had higher P concentrations than those inoculated with GF. In numerous instances, uninoculated seedlings had higher mineral 
concentrations than YAM seedlings even though the uninoculated seedlings were always the smallest. This suggests that YAM 
provide stimulation other than or in addition to the enhanced nutrient uptake. 
SCHULTZ, R. C., et P. P. KORMANlK. 1982. Yesicular-arbuscular mycorrhiza and soil fertility influence mineral concentra-
tions in seedlings of eight hardwood species. Can. J. For. Res. 12: 829-834. 
Les auteurs ont cultive huit especes de feuillus en presence de deux traitements de fertilisants et de champignons endo-
mycorhiziens a vesicules et arbuscules (YAM). Dans une premiere etude, ils ont applique trois traitements de fertilisants aux 
taux de 140, 560, 1120 kg/hade 10-10-10 (% N, P205 et K20 respectivement). dans un sol fumige ayant re<;:u ou non un 
melange de Glomus mosseae Nicol. and Gerd. et Glomus etunicatus Becker and Gerd. (GM). Dans une deuxieme etude, ils 
ont cultive les plantules avec les traitements YAM suivants: (i) Je meme melange de Glomus (GM) utilise dans Ia premiere 
etude; (ii) le Glomus Jasciculatus (Thaxter) Gerd. and Trappe (GF); ou (iii) un melange de plusieurs especes de Glomus et de 
Gigaspora (GG). Une fertilisation au taux de 280 kg/hade 10-10-10 a ete appliquee a toutes les plantules. Dans les deux 
etudes tousles traitements ont egalement re<;:u 10 applications egales de NH4 N03 pour un total de 1680 kg/ha, au cours de 
Ia saison de croissance. Aucun des elements n'etait regulierement plus eleve chez les plantules inoculees ou non dans l'une 
ou !'autre des etudes et aucun des symbiontes n'a entraine regulierement de fortes concentrations de tous les elements chez 
toutes ces especes. II est arrive souvent que les plants non inocules avaient une plus forte teneur en N, K, Ca et Mg que Ies 
plants mycorhizes. Les plants inocules avaient generalement des teneurs plus elevees en phosphore que les plants non inocutes. 
Dans le cas de cinq especes d'arbre, les teneurs en phosphore ont augmente avec les niveaux de fertilite. Les plants inocutes 
avec GM et GG avaient des teneurs en P plus elevees que ceux inocules avec GF. Dans plusieurs cas les plants non inocules 
avaient des teneurs en mineraux plus elevees que les plants mycorhiziens. meme si les plants non inocules etaient toujours les 
plus petits. Ceci suggere que les YAM sont responsables d'une stimulation autre ou supplementaire a !'augmentation de 
!'absorption des elements. 
Consistent production of plantable-size seedlings of 
many species of hardwoods in tree nurseries is diffi-
cult, particularly after soil fumigation to control weeds 
and pests (Bryan and Kormanik 1977). Populations 
of vesicular- arbuscular (V AM) fungi are reduced or 
'Revised manuscript received June 14, 1982. 
[Traduit par le journal] 
eliminated by fumigation, and natural recolonization of 
the soil may take more than a growing season to reach 
prefumigation levels (Riffle 1980). Early growth of 
important timber species of hardwoods such as sweet-
gum (Liquidambar styraciflua L) and yellow-poplar 
(Lirodendron tulipfera L.) can be stimulated by inocu-
lation with YAM fungi (Gray and Gerdemann 1967; 
0045-5067/82/040829-05$0 I . 0010 
© 1982 National Research Council of Canada!Conseil national de recherches du Canada 
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830 CAN. J. FOR. RES. VOL. 12, 1982 
Kormanik et al. 1977; Schultz et at. 1979). 
Many plants which grow well in average soil fertility 
can also be grown under conditions of high soil fertility 
in the absence of mycorrhizal development. Although 
there is strong evidence for increased phosphorus up-
take by VA mycorrhizae, evidence for such a role with 
other nutrients is not consistent (Masse 1973; Smith 
1974). Differences in uptake of elements other than 
phosphorus may be a reflection of their relative concen-
trations in soils used to study plant responses to V AM 
fungi and (or) specific hosts' differential requirements 
of specific elements. 
Schultz et at. (1979) and Kormanik et at. (1977) 
found that fertilizer additions of 140 to I 120 kg/ha of 
10-10-10 (% N, P20 5 , K20, respectively) had no 
effect on the growth of sweetgum seedlings inoculated 
with a mixture of Glomus spp. nor on noninoculated 
seedlings that were 15 times smaller than the inoculated 
seedlings. Uninoculated seedlings generally had higher 
concentrations of N, P, K, Ca, and Mg although inocu-
lated seedlings contained higher absolute amounts of 
these minerals. Soil-fertility levels had no influence on 
nutrient concentrations. Two studies were undertaken 
to determine if seven other hardwood species respond to 
soil fertility and infection by the mixture of Glomus 
spp. in the same way as sweetgum. 
Methods 
Seven species, plus sweetgum, were planted intermixed, in 
plots to determine general growth and nutrient responses. It 
was recognized that competition between the species might 
develop but establishment of absolute growth potentials was 
not the objective. The species were selected for their potential 
as high fiber producers under intensive management. A!l of 
the species except sugar maple (Acer saccharum Marsh.) are 
native to the southeastern coastal states. Growth responses 
and V AM infection rates are reported elsewhere (Schultz 
et al. 1981; Kormanik et al. 1982). 
The species used in the two studies were Acer neg undo L. 
(box elder). Acer rubrmn L. (red maple), Acer saccharum 
Marsh. (sugar maple), Fraxinus pennsylvanica Marsh. 
(green ash), Jug/ems nigra L. (black walnut), Liquidambar 
styraciflua L. (sweetgum), Platanus occidenwlis L. (syca-
more), and Pnmus serotina Ehrh. (black cherry). With the 
exception of sugar maple, black cherry, and black walnut, all 
the seeds were collected in northeast Georgia. The sugar 
maple came from Vermont, the black walnut from North 
Carolina, and the black cherry from Tennessee. The sweet-
gum seeds were soaked in water at 2 -4°C for 24 days prior 
to sowing and the other species were stratified according to 
procedures recommended in the Agriculture Handbook 
No. 450 (Anonymous 1974). 
Seedlings were grown in twenty-four I x I x 0.6 m red-
wood boxes at the Whitehall Experimental Forest of the 
School of Forest Resources, University of Georgia, Athens. 
The bottoms of the boxes were constructed from 2-cm marine-
grade plywood to prevent contamination from below. Drain-
age was enhanced by 15 em of gravel and a series of 2.54-cm 
holes at the base of the redwood sides. The empty boxes were 
covered with polyethylene plastic and fumigated with methyl 
bromide (one can Dowfume MC-2, Dow Chemical Co. per 
two boxes) for 48 h. The boxes were then filled with a 2: I : I 
mixture of a sandy loam forest soil, sand, and finely ground 
pine bark fumigated as above. Analysis of this mixture before 
fertilizer treatments were added revealed the following 
amounts of double acid extractable (Issac and Jones 1971) 
ions in kilograms per hectare: N03-N, 39; P, 26; K, 77; and 
Ca, 366. Elemental calcium levels were adjusted to a value of 
1120 kg/ha by the addition of hydrated lime (Ca(OH)2). 
The first study consisted of four replications of three fer-
tilizer levels and two levels of mycorrhizal inoculum. The 
second study contained four mycorrhizal treatments and 
five replications. Four treatment levels of 10-10-10 fertil-
izer consisting of 11.7, 47.0, and 93.8 g/box (equivalent to 
140, 560, and 1120 kg/ha) for study I and 28.1 g/box 
(280 kg/ha) for study 2 were assigned to each of the mycor-
rhizal treatments. The fertilizer was incorporated into the top 
7-10 em of soil before the seeds were sown. In addition, 
all microplots received a total of 1120 kg/ha of NH4N03 
applied in 10 increments at 2-week intervals during the 
growing season. 
All treated plots received 2 L of coarsely chopped roots 
from pot cultures of sorghum (Sorghum vulgare var. 
roxburghi (Stepf.) Haines). The treatments in study 2 con-
sisted of a mixed culture of Glomus mosseae and 
G. etunicatus (GM); G. fasiculatus (Thaxter) Gerd. and 
Trappe (GF); or mixed cultures of several Glomus and 
Gigaspora species (GG). Study I received only the GM treat-
ment. Although all pot cultures were approximately 9 months 
old, the spore counts varied considerably among different 
V AM symbionts. Average number of spores added per micro-
plot were: GM, 854; GF, 6600; and GG, 2644. The inoculum 
was thoroughly worked into the top 15-20 em of soil. The 
root washings from all inoculum sources were passed through 
a 25-mesh sieve and then filtered through Whatman No. I 
paper. To standardize the rhizosphere microflora at sowing 
time, each mycorrhizal treatment received leachate from the 
two other inoculum sources while the control treatment 
received leachates from all three. 
Seeds from the eight species were sown in the boxes during 
the last week of May. Each box had 40 planting locations and 
each of the eight species were randomly assigned 5 of those 
locations. Several seeds were planted at each location to 
ensure at least one plant would survive. Seedlings were 
thinned to one per planting spot. After planting, the boxes 
were lightly covered with fumigated pine needle mulch. 
Seedlings were harvested in early November. Total weights 
were computed from root, stem, and leaf weights obtained 
after drying to a constant weight at 70°C. Some seedlings 
had lost their leaves and no total weights were computed for 
them. Infection by YAM fungi was determined by collecting 
feeder roots from at least five locations on each seedling. Root 
samples were processed by Phillips and Hayman procedure 
( 1970) except that !acto phenol was used in place of a chloral 
hydrate. 
After clearing and staining the roots, V AM infection was 
evaluated with the aid of a dissecting microscope. The whole 
Can. J. For. Res. Downloaded from www.nrcresearchpress.com by DIRECTORATE OF COLDWATER FISHERIES RES on 10/22/15
For personal use only. 
TABLE I. Nutrient concentrations for eight hardwood species grown in a mixture of soil-sand-bark containing three levels of 10-10-10 fertilizer 
and a VA mycorrhizal mixture of Glomus spp. (GM) or no mycorrhizal inoculum (CN) 
N, mg/g P, mg/g K, mg/g Ca, mg/g Mg, mg/g Total weight, gm 
Infection 
GM CN GM CN GM CN GM CN GM CN GM CN % 
Black cherry 
140 18.0a* 26.0a J.2a -i' 6.2a 8.2a - 1.8a - 14.4a 0.3b 47.9a 2.1a 
560 17.7a 22.8a 1.3a - 5.6a 9.0a J.4a l7.la 0.5ab 64.3a 2.9a 
ll20 18.6a 22.2a J.4a 6.Ja 1.6a 1.1a 6.6a 0.8a 62.5a 2.8a 
Box elder 
140 14.0a J6.0a 1.3a 0.9c ll.3a 7.3a 6.1a 4.3a 2.Ja 2.la 20.2b 10.0a 2.5a 
560 14.8a 19.2a J.3a !.Ia 11.4a 1.5a 1.Ja 3.4b 2.3a 1.6b 21.0ab 74.6a 2.4a 
1120 15.4a 16.8a 1.3a J.Ob J0.9a 6.5a 1.Ja 3.0b 2.0a 1.4b 36.9a RO.Oa 2.6a 
Green ash 
140 11.7a 14.5a !.Ia 0.6c 1.9a 5.1b 1.Ja 1.7b 1.5a 1.5a 21.6ab 78.3a 3.0a 
"' 560 Jl.Oa 5.5c l.la 0.1b 1.4a 7.8a 1.Ja 4.6a 1.4a I.Jb 28.8a 82.5a 2.9a n ::r: 
ll20 13.0a 9.2b J.Oa 0.9a 1.Ja 6.0b 5.5a 3.8a 1.3a !.Ob 18.9b 80.Ja 3.0a c:: !:i Red maple N 
140 11.2a 16.0a 1.3b 6.2a 7.7a 1.3a 9.7b 0.2a 68.4a 2.4a )> z 
560 12.6a 6.7c 1.4a 0.8b 5.8ab 5.5a 8.3a 7.7a 1.3a 0.9a 9.6b !.Ia 68.8a 2.5a 0 
:>": 
1120 11.6a 9.8b 1.3b 0.9a 5.2b 5.la 1.4a 7.9a 1.2a I.Oa 17.9a 3.7a 67.8a 2.5a 0 ;>o 
!:: 
140 15.9a l!.lc 1.1a 0.6c 4.8b 5.7c 8.7a 5.9a l.2a l.lb !.5b 41.3a 2.1ab 
)> 
z 
560 16.8a 21.0a 1.8a 0.7b 4.7b 7.0a 7.6a 2.6b l.Jab 1.3a 1.7b - 46.7a 1.7a iii 
1120 16.7a 14.1b 1.8a I.Oa 5.0a 6.lb 7.5a 5.5a l.Ob J.Ob 2.4a - 68.8b 2.4a 
Sweetgum 
140 9.2b J5.2b I.Oa 0.5b 7.2a 4.lc ?.Ia 7.0a !.Sa 0.8c J2.6a 0.4a 40.1a 2.3a 
560 13.6a 10.2b !.Ia 0.1a 6.9a 4.8b 6.4a 6.3a 1.3b 0.9b 10.8a 0.1a 56.3b 2.5ab 
1120 14.1a 24.2a l.Oa 0.1a 7.0a 5.4a 6.9a 1.Ja 1.3b !.Ia 14.5a 2.3a 72.5c 2.8b 
Sycamore 
140 11.7a 9.8a I.Jb 0.8a 5.3a 1.6a 5.9a 5.2a 1.2a l.4a 46.9a 2.3b 71.0a 2.8a 
560 12.2a II. Ia I.!b 0.1ab 5.6a 7.4a 6.4a 5.6a l.la l.Sa 64.8a 5.5b 86.2a 3.0a 
1120 II. 6a II. Ia 1.2a 0.6b 6.Ja 6.8a 6.Ja 5.1a i.Ja 1.3a 88.5a 10.3a 85.0a 2.9a 
Walnut 
140 12.8a l3.3a 0.9a 0.5a 4.7a 5.Ja 6.Ja 6.8a · 1.2a 1.3a 68.la 2.9a 
560 11.2a 12.8a 0.9a 0.5a 5.2a 5.4a 7.0a 6.Ja 1.2a 1.3a 66.Ja 2.5ab 
1120 l2.2a Jl.9a 0.9a 0.5a 5.3a 5.4a 6.7a 5.4a 1.2a 1.2a - 64.0a 2.4b 
*Values within columns, within species labeled with the same letter arc not different at the 0.05 level of probability by Duncan's multiple range test. 
tlnsufficient material lor analysis. 
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petri dish of roots was classified as being 0-24, 25-49. 
50-74, and 75-100% infected. Three classes of infection 
intensity were used to classify the degree of infection within 
individual roots: low (small infection sites widely scattered 
along entire root), medium (larger infection sites more uni-
formly distributed throughout infected roots but rarely coales-
cing), and heavy (feeder roots almost entirely infected). 
Total Kjeldahl nitrogen (N), phosphorus (P). potassium 
(K), calcium (Ca), and magnesium (MG) concentrations were 
determined for leaves, stems, and roots of each seedling. 
Cation analysis was done by wet digestion using 2 g of 
material in a nitric-perchloric-sulfuric acid mixture and 
detection by atomic absorption spectroscopy (Perkin-Elmer 
Agricultural Analytical Method A Y-5, Perkin-Elmer Corp., 
Norwalk, CT). Phosphorus was detected from the same 
digest on a Technicon Autoanalyzer II (Industrial Method 
No. 95-70W, Technicon Instruments Corp., Tarrytown, 
NY). Total Kjeldahl nitrogen was detected on a Technicon 
Autoanalyzer Il (Industrial Method No. 334-74A). Data were 
analyzed by analysis of variance and significance among 
treatment means determined by Duncan's multiple range test. 
Results and discussion 
No single nutrient was consistently higher in con-
centration in the nonmycorrhizal or YAM seedlings in 
either of the two studies and no symbiont produced 
consistently high concentrations of all nutrients in all 
species of seedlings. 
Neither YAM seedlings nor nonmycorrhizal seed-
lings had consistently higher concentration of N 
(Tables I and 2). Fertility level had an effect on N 
concentrations only in the YAM seedlings of sweet-
gum (Table 1). Higher fertility levels produced higher 
tissue N concentrations. For uninoculated green ash 
and red maple seedlings, N concentrations were higher 
at the lowest fertilizer level of 140 kg/ha of 
10-10- 10, while for sugar maple and sweetgum, N 
concentrations were higher at the two other fertilizer 
levels. In sycamore and walnut there was no difference 
in N concentrations between the YAM and uninocu-
lated seedlings. 
At the 280-kg/ha level of 10-10-10, sweetgum and 
walnut demonstrated no significant differences in N 
concentrations among any of the YAM or the control 
seedlings (Table 2). The uninoculated seedlings of 
black cherry and red maple had the highest N contents, 
whereas the uninoculated seedlings of sycamore had the 
lowest. Black cherry and box elder generally had the 
highest N concentrations with each of the symbionts. 
The large differences in spore densities among treat-
ments did not influence uptake of N. Except for box 
elder, root infection percentages between the YAM 
seedlings were not different for the various symbionts. 
Although uninoculated seedlings of red maple and 
black cherry had N concentrations that were higher than 
those of YAM seedlings, total dry weight production of 
asymbiotic seedlings was, in all instances, significantly 
less. Differences in nitrogen concentrations in other 
species of plants have also been inconsistent (Baylis 
1959; Gerdemann 1964; Ross and Harper 1970). For 
the fertilizer levels and symbiont treatments used in 
these studies no consistent nitrogen differences were 
found. However, a study by Brown eta/. ( 1981) using 
the same media and Glomus etunicatus found signifi-
cant differences in growth of YAM sweetgum seedlings 
fertilized with different rates and sources of N. They 
applied ammonium sulfate, ammonium nitrate, and 
potassium nitrate at rates ranging from 0 to 2240 kg 
N/ha and found that the 560-kg N/ha rate produced the 
largest and most infected YAM seedlings. They con-
cluded that since YAM root systems are able to ade-
quately supply seedling P needs even at low soil P 
concentrations, N availability is probably more critical 
than P availability in achieving optimum growth of 
YAM sweetgum. 
As found in other studies, P levels were more consis-
tent than those of N. Most studies suggest that P uptake 
is enhanced by YAM (Rhodes and Gerdemann 1975; 
Menge et al. 1978). For all of the species tested here, 
YAM seedlings generally had higher total P concentra-
tions than uninoculated seedlings. However, P concen-
trations of uninoculated black cherry and green ash 
seedlings were no different than those of seedlings 
inoculated with one or two of the YAM treatments, 
respectively (Table 2). For seedlings inoculated with 
the GM only, red maple and sycamore revealed dif-
ferences in P among fertilizer levels (Table 1). For 
uninoculated seedlings of box elder, green ash, red 
maple, sugar maple, and sweetgum, P concentrations 
increased with higher fertility levels (560 and 
1120 kg/ha). The reverse was true for sycamore, and 
no fertilizer effects occurred for uninoculated walnut 
seedlings. The increased P concentrations, in uninocu-
lated seedlings at the higher fertility levels, is the 
typical response described in the literature. These in-
creased concentrations are generally accompanied by 
increased plant growth, and mycorrhiza-free seedlings 
grown with sufficient P are generally the same size as 
YAM seedlings growing at lower P levels. Clearly, the 
level of soil P produced by addition of 1120 kg/ha of 
10-10-10 was insufficient to produce large non-
mycorrhizal seedlings in this study (Table I). Seedlings 
inoculated with GM and GG consistently had higher 
P concentrations than those seedlings inoculated with 
GF. The multiple species mixtures were more effective 
at increasing P uptake than the single species even 
though GF had a greater initial spore density at the time 
of infection. There were no differences in infection 
percentages between the symbionts even with the large 
variance in initial spore densities. Possibly the lowest 
spore density was higher than the threshold needed for 
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SCHULTZ AND KORMANIK 833 
TABLE 2. Nutrient concentrations for eight hardwood species grown in a mixture of soil-sand-bark containing 
Glomus fasiculatus (GF), a mixture of Glomus spp. (GM), a mixture of VA endomycorrhizae (GG), or a non-
mycorrhizal control (CN) and 280 kg/ha 10- 10- 10 fertilizer 
Total 
weight, Infection 
N, mg/g P, mg/g K, mg/g Ca, mg/g Mg, mg/g gm % Intensity 
Black cherry 
GF l5.03b* 0.93b 3.9lb 7.83a l.l7a 29.3a 78.la 2.9a 
GM l3.69b l.l2ab 4.3Ib 6.78a l.2Ia 6.5b 54.7a 2.2a 
GG I7.94ab 1.3Ia 4.2Ib 6.83a l.22a 26.4a 73.2a 2.6a 
CN 22.94a 0.7lb 7.64a 2.75a l.63a 0.4b 
Box elder 
GF I3.60a l.OOc 8.89b 6.5Iab l.78a 23.7a 7!.5b 2.0b 
GM 14.42a l.20a 9.37a 7.04a l.79a 20.4a 83.la 2.6a 
GG I3.54a l.09b 7.63c 6.25ab 1.85a 23.8a 76.6ab 2.Ib 
CN I3.42a 0.90d 7.38c 4.42b l.86a 0.9b 
Green ash 
GF 10.68a 0.7lb 5.97b 6.25a l.09b 23.Iab 8!.5a 3.0a 
GM l0.43a l.07a 7.33a 6.!3a l.I4b I5.9b 84.la 3.0a 
GG 11.44a l.OSa 6.94a 6.44a l.40a 25.0a 83.3a 2.9a 
CN 9.57a 0.6Ib 7.30a 2.17b 0.89b O.Sc 
Red maple 
GF II. lib 0.9Ic 5.07a 7.66a 0.99a IOAa 68.5a 2.2a 
GM II. 93b l.35a 5.54a 8.29a l.06a I3.5a 7!.3a 2.3a 
GG ll.4lb l.22b 3.74b 7.59a I.OSa 10.4a 66.7a l.9a 
CN 14.0la 0.75d 5.76a 3.77b l.l7a 0.4b 
Sugar maple 
GF 12.84a 1.19c 4.67b 7.28a 0.77b 3.Ia 74.5a 2.2a 
GM ll.l9b 1.37b 4.67b 5.29b 0.83b l.Sb 67.3a l.8b 
GG 13.48a l.60a 4.67b 6.95a I.I9a 3.8a 72.9a l.9ab 
CN 13.34a 0.63d 6.!4a 4.9Ib 0.9Ib 0.6b 
Sweet gum 
GF 9.4Ia 0.80b 5.30a 6.85a l.I8ab l2.2a 67.5a 3.0a 
GM 10.57a 0.97a 5.43a 6.25ab I.I3b 12.7a 68.3a 2.5b 
GG 10.96a 0.99a 4.90a 5.96b l.32a IS.Sa 80.5a 2.7b 
CN l0.59a 0.50c 2.90b 3.84c 0.49c 0.3b 
Sycamore 
GF II.02ab 0.83c 4.58b 5.97a I.03ab 7!.3a 86.5a 3.0a 
GM 12.14a l. lOa 5.!6ab 5.93a 0.90b 60.9a 84.5a 2.9a 
GG Il.90a I.02b 4.6Ib 6.!4a l.I3ab 53.6a 82.2a 2.8a 
CN 9.66b 0.56d 6.07a 6.84a !.!Sa 3.7b 
Walnut 
GF Il.I9a 0.69b 4.92a 8.88a l.I6a 85.4ab 84.6a 3.0a 
GM 13.16a 0.76ab 5.3Ia 8.6la 1.36a 4l.4b 72.5a 2.7a 
GG ll.84a 0.84a 4.52a 6.!3a !.I Ia 101.3a 7!.3a 2.7a 
CN Il.20a 0.54c 4.37a 7.48a I.46a 
*Values within columns. within species labeled with the same letter are not different at the 0.05 level of probability by Duncan's multiple range test. 
an adequate infection or that spore density may not of the V AM seedlings. For Mg, only sugar maple and 
have been important at all in light of the infected sweetgum responded to soil fertility, and Mg tissue 
sorghum roots and hyphae present in the inoculum. concentrations decreased as fertility increased. Fertility 
Potassium, Ca, and Mg responses were similar to levels had no effect on concentrations of K, Ca, or Mg 
those of N. For seedlings inoculated with GM few fer- in the uninoculated seedlings of red maple, walnut, or 
tilizer effects on concentration of these minerals were sycamore. In addition, K concentrations in uninocu-
observed (Table I). For K, only red maple and sugar lated box elder seedlings were not affected by adding 
maple showed any concentration differences. There 10-10-10 fertilizer. The other uninoculated seedlings 
were no fertilizer effects on Ca concentrations for any responded to fertility level but no consistent trends 
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could be identified (Table I). 
At the fertilizer levels of this experiment, no one 
symbiont treatment was most efficient at stimulating 
nutrient uptake (Table 2). This response could be ex-
pected since these tree species generally are found on a 
variety of sites with different microfloral and faunal 
populations. In numerous instances, uninoculated seed-
lings had higher mineral concentrations than inoculated 
seedlings. The uninoculated seedlings were again the 
smallest seedlings grown indicating that the V AM must 
provide some stimulation other than or in addition to the 
enhanced nutrient uptake. 
The range of nutrients tested in this study gener-
ally covers that considered sufficient to grow hardwood 
seedlings. The results of the study show, however, 
that even at the highest level of nutrient addition 
( 1120 kg/ha) nonmycorrhizal seedlings of all species 
were significantly smaller than V AM seedlings. Many 
plant species that grow well with V AM under average 
soil fertility levels can also be grown asymbiotically 
under conditions of high soil fertility (Gerdemann 1964; 
Smith 1974 ). The results suggest that higher levels of 
fertilizer than were obtained in this study are needed to 
produce large nonmycorrhizal seedlings of the eight 
hardwood species tested. Even with the addition of 
1120 kg/ha of 10-10-10 nonmycorrhizal seedling 
dry weights were not increasing sufficiently to indicate 
that the threshold of P for nonmycorrhizal seedling 
production had been reached. Larger quantities of 
added nutrients, particularly P, would be needed to 
produce large seedlings. The field performance of such 
nonmycorrhizal seedlings has not been fully tested 
although failures or poor early performance of large 
commercial outplantings may be the result. V AM seed-
lings produced at lower soil P levels would be likely to 
perform more adequately under field conditions. Since 
fertilizer level did not affect the size of the inoculated 
seedlings it is recommended that !-year-old seedlings 
of these eight hardwood species be produced using 
V AM inoculum and 560 kg/ha of I 0-10-l 0 and 
1680 kg/ha of NH4N03• 
Acknowledgements 
This study was supported in part by Mcintire-Stennis 
and Georgia Forest Research Council funds. 
ANONYMOUs. 1974. Seeds of woody plants in the United 
States. U.S. Dep. Agric. Agric. Handb. No. 450. 
BAYLIS, G. T. S. 1959. Effect of vesicular-arbuscu1ar 
mycorrhizas on growth of Griselinia littoralis (Cornaceae). 
New Phytol. 58: 274-280. 
BROWN, R. W., R. C. SCHULTZ, and P. P. KORMANIK. 1981. 
Response of vesicular-arbuscular endomycorrhizal sweet-
gum seedlings to three nitrogen fertilizers. For. Sci. 
27: 413-420. 
BRYAN, W. C., and P. P. KORMANIK. 1977. Mycorrhizae 
benefit survival and growth of sweetgum seedlings in the 
nursery. South. J. AppL For. 1: 21-23. 
GERDEMANN, J. W. 1964. The effect of mycorrhiza on the 
growth of maize. Mycologia, 56: 342-349. 
GRAY, L. E., and 1. W. GERDEMANN. 1967. Influence of 
vesicular-arbuscular mycorrhizae on the uptake of 
phosphorus-32 by Lirodendron tulipjera and Liquidambar 
styraciflua. Nature (London). 213: 106-107. 
IssAc, R. A., and J. B. JONES. 1971. Auto analyzer sys-
tems for the analysis of soil and plant tissue extracts. In 
Technicon International Congress 1970. Tarrytown, NY. 
pp. 57-64. 
KORMANIK, P. P., W. C. BRYAN, and R. C. SCHULTZ. 1977. 
The influence of endomycorrhizae on growth of sweet gum 
seedlings from eight mother trees. For. Sci. 23: 500-506. 
KORMANIK, P. P., R. C. SCHULTZ, and W. C. BRYAN. 1982. 
Influence of vesicular-arbuscular mycorrhizae on the 
growth and development of eight hardwood tree species. 
For. Sci. 28:531-539. 
MENGE, J. A., E. L. V. JoHNSON, and R. G. PLATT. 1978. 
Mycorrhizal dependency of several citrus cultivars under 
three nutrient regimes. New Phytol. 81: 553-559. 
MassE, B. 1973. Advances in the study of vesicular-
arbuscular mycorrhizae. Annu. Rev. Phytopathol. 11: 
171 196. 
PHILLIPS, J. M., and D. S. HAYMAN. 1970. Improved pro-
cedures for clearing roots and staining parasitic infection. 
Trans. Br. Mycol. Soc. 55: 158-161. 
RHODES, L. H., and J. W. GERDEMANN. 1975. Phosphate 
uptake zones of mycorrhizal and nonmycorrhizal onions. 
New Phytol. 75: 555-561. 
RIFFLE, J. W. 1980. Growth and endomycorrhizal devel-
opment of broadleaf seedlings in fumigated nursery soil. 
For. Sci. 26: 403-413. 
Ross, J. P., and J. A. HARPER. 1970. Effect of endogone 
mycorrhiza on soybean yields. Phytopathology, 60: 
1552-1556. 
SCHULTZ, R. C., P. P. KORMANIK, and W. C. BRYAN. 1981. 
Effects of fertilization and VA mycorrhizal inoculation on 
growth of hardwood seedlings. Soil Sci. Soc. Am. J. 
45: 961-965. 
SCHULTZ, R. C., P. P. KORMANIK, W. C. BRYAN, and G. H. 
BRISTER. 1979. Vesicular-arbuscular mycorrhiza influ-
ence growth but not mineral concentrations in seedlings of 
eight sweetgum families. Can. J. For. Res. 9: 218-223. 
SMITH, S. E. 1974. Mycorrhizal fungi. CRC Critical Review. 
Microbiology, 2: 273-313. 
